Key Points {#FPar1}
==========

A fetal--maternal physiologically based pharmacokinetic (f-m PBPK) model has been developed to quantitatively predict placental transfer of acetaminophen and characterize fetal acetaminophen exposure and metabolic clearance in the fetus at term delivery.Different approaches for describing placental drug transfer (estimation of placental transfer parameters from ex vivo cotyledon perfusion experiments, scaling of placental transfer via Caco-2 cell permeability, and via physicochemical properties \[MoBi^®^ default method\]) showed broadly comparable performance, although the ex vivo approach achieved highest prediction accuracy.Acetaminophen exposure in the maternal venous blood was similar to that in the fetal venous umbilical cord blood. In addition, the predicted mean acetaminophen concentration, after a maternal dose of 1000 mg, in arterial umbilical cord blood, suspected to be involved in ductus arteriosus closure/constriction, was 3.6 mg/L and therefore far below the suggested postnatal threshold (24.47 mg/L).Prediction of acetaminophen clearance in the fetus indicated that the median molar dose fraction of acetaminophen converted to acetaminophen-sulphate and *N*-acetyl-*p-*benzoquinone imine was 0.8% and 0.06%, respectively.

Introduction {#Sec1}
============

Pregnant women frequently and increasingly take medication \[[@CR1]\]. Irrespective of whether the fetus is the target of pharmacotherapy, the fetus is probably exposed to any drug taken by the mother \[[@CR2]\]. Adequate models to predict fetal pharmacokinetic profiles and drug exposure are scarce. Physiologically based pharmacokinetic (PBPK) modeling can be a valuable tool facilitating the prediction of fetal drug exposure \[[@CR3], [@CR4]\].

Although 60% of pregnant women take acetaminophen (paracetamol) \[[@CR5]\], little is known about acetaminophen pharmacokinetics after therapeutic dosing and the contributions of specific metabolic clearance pathways to total clearance in the fetus. Acetaminophen is metabolized through different metabolic pathways in the liver \[[@CR6]\]. In adults, acetaminophen is predominantly metabolized via glucuronidation (55%) and sulphation (30%). To a smaller extent, acetaminophen is excreted unchanged (2--5%) in urine. In addition, a minor fraction is metabolized through cytochrome P450 (CYP) enzyme-mediated oxidation forming the toxic metabolite *N*-acetyl-*p*-benzoquinone imine (NAPQI) (5--10%). Under normal conditions, NAPQI is immediately neutralized by conjugation with glutathione \[[@CR7]\]. At high dosages, however, glutathione will become depleted and NAPQI is held responsible for acetaminophen-induced hepatotoxicity \[[@CR8]\]. Research on acetaminophen toxicity has typically been concerned with hepatotoxicity, whereas other adverse events might also be relevant for the fetus and may relate to fetal exposure to acetaminophen or its metabolites. Therefore, it is important to explore the separate contributions of the different metabolic pathways. Several epidemiological studies \[[@CR9]--[@CR12]\] report that perinatal acetaminophen exposure might be associated with pulmonary (e.g., atopy) and neurodevelopmental (e.g., attention deficit hyperactivity disorder) toxicology. In addition, a recent case series analysis describes an association between maternal acetaminophen intake and fetal ductus arteriosus constriction or closure \[[@CR13]\]. It seems unlikely that both hepatic and extrahepatic adverse events can be attributed to NAPQI alone, since adverse events can also be attributed to acetaminophen \[[@CR5], [@CR14]\].

Different approaches to integrate placental drug transfer in a fetal--maternal PBPK (f-m PBPK) framework have been previously presented \[[@CR4]\]. Mathematically, placental transfer can be described by a modified form of Fick's first law of diffusion with the two key parameters being the transplacental passive diffusion clearance (*D*~pl~) and partition coefficient between the fetal and maternal compartment (*K*~f,m~). Informing these parameters is difficult since they are not readily measurable in the in vivo system and hence several approaches to estimate these parameters were previously reported \[[@CR4]\]. These approaches relied on informing the placental transfer rate and partition coefficient through ex vivo cotyledon perfusion experiments \[[@CR15]\] or scaling placental transfer via Caco-2 cell permeability or physicochemical properties \[MoBi^®^ default method\] while fixing the partition coefficient at a value of 1.0 \[[@CR2], [@CR16]\]. While some of these approaches were evaluated for a limited number of specific drugs, they have not yet been carefully compared with each other.

This study has two objectives: first, to develop a f-m PBPK model that can quantitatively predict placental transfer and drug exposure of acetaminophen in the term fetus at delivery and compare the predictive performance of the three different approaches to integrate placental drug transfer in a PBPK framework; second, to quantify the hitherto unknown contributions of specific metabolic clearance pathways to total clearance in the term fetus.

Methods {#Sec2}
=======

Figure [1](#Fig1){ref-type="fig"} shows the workflow of the present study. Previously, a pregnancy PBPK model for acetaminophen and its metabolites has been developed and verified \[[@CR17]\]. To this model structure, we added a fetal liver compartment (Fig. [2](#Fig2){ref-type="fig"}). Three different methods for informing the two unknown parameters of placental transfer (the *D*~pl~ and partition coefficient) in a PBPK model were evaluated: (i) estimation of the *D*~pl~ and partition coefficient from the ex vivo cotyledon perfusion experiment \[[@CR18]\]; (ii) estimation of the *D*~pl~ from a previously reported scaling approach via Caco-2 cells while fixing the partition coefficient to a value of 1.0 \[[@CR2], [@CR16]\]; and (iii) estimation of the *D*~pl~ from physicochemical properties of the drug (default method implemented in MoBi^®^) while fixing the partition coefficient to a value of 1.0 \[[@CR3]\]. Predicted acetaminophen pharmacokinetic profiles were compared to observed data obtained from the umbilical vein at delivery \[[@CR19]\]. In addition, acetaminophen (mean) concentrations in the arterial umbilical cord blood were predicted for evaluating the risk of possible constriction/closure of ductus arteriosus. Finally, the contributions of specific metabolic clearance pathways in the term fetus to total clearance were both predicted but could not be evaluated due to lack of in vivo data.Fig. 1Schematic workflow of fetal--maternal physiologically based pharmacokinetic (f-m PBPK) model development and evaluation. *D*~*cot*~ transcotyledon passive diffusion clearance, *D*~*pl*~ transplacental passive diffusion clearance, *K*~*f,m*~ partition coefficient between the fetal and maternal compartment, *PBPK* physiologically based pharmacokinetic, *PK* pharmacokineticsFig. 2Structure of the fetal--maternal physiologically based pharmacokinetic (f-m PBPK) model. The four sub-compartments (blood cells, plasma, interstitial, and intracellular) for acetaminophen distribution in the fetal liver have been visualized separately. Solid lines and closed arrows indicate blood flow process, dash--dotted lines and closed arrows indicate biliary secretion or movement along the intestine through gastrointestinal motility, solid lines and open arrows indicate transport across the placenta through passive diffusion, boxes with solid frame indicate compartments representing organs available in both non-pregnant and pregnant women, and boxes with dashed frame indicate compartments representing organs exclusively available in pregnant women

Software {#Sec3}
--------

PBPK models were built in MoBi^®^, part of the Open Systems Pharmacology software suite (<http://www.open-systems-pharmacology.org>). R Studio (version 3.3.0) was used for graphics creations and statistical analysis. MONOLIX version 4.4.0 (Lixoft, Orsey, France) was used to estimate placental transfer parameters of acetaminophen from the ex vivo cotyledon perfusion experiment.

Development of Fetal--Maternal Physiologically Based Pharmacokinetic (f-m PBPK) Models {#Sec4}
--------------------------------------------------------------------------------------

In a previous study, the development of pregnancy PBPK models was successfully verified for the three trimesters of pregnancy \[[@CR17]\]. In brief, first, a PBPK model was previously developed for both intravenous and oral acetaminophen administration in non-pregnant women. The predictive performance of the model was evaluated by comparing simulations with observed in vivo pharmacokinetic profiles of acetaminophen, acetaminophen-glucuronide, acetaminophen-sulphate, and unchanged acetaminophen after both oral and intravenous acetaminophen administration of standard dosages \[[@CR20]--[@CR22]\]. Once the non-pregnant PBPK model captured the observed pharmacokinetics adequately, all drug-specific parameters were fixed and pregnancy-specific changes were incorporated. Model performance was evaluated by comparing simulations with observed in vivo pharmacokinetic profiles of acetaminophen, acetaminophen-glucuronide, acetaminophen-sulphate, and unchanged acetaminophen obtained from third-trimester pregnant women \[[@CR20]\]. For more detailed information about parameterization and validation of the previously developed pregnancy PBPK model we refer to Mian et al. \[[@CR17]\]. Here, the structure of the pregnancy PBPK model was extended by incorporating a separate well-stirred compartment representing the fetal liver. The fetal liver was connected through the blood flow from the venous blood pool of the umbilical cord and that to the fetal body. This fetal liver compartment was subdivided into four sub-compartments, namely plasma ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{pls}}$$\end{document}$), blood cells ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{bc}}$$\end{document}$), interstitial ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{int}}$$\end{document}$), and intracellular ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{cell}}$$\end{document}$) space. The volume of the fetal body compartment was then reduced by the volume (0.14 L) of the compartment representing the fetal liver. The full structure of the f-m PBPK model is depicted in Fig. [2](#Fig2){ref-type="fig"}. The expressions of relevant enzymes and acetaminophen metabolism were implemented in the intracellular space of the fetal liver. Equations ([1](#Equ1){ref-type=""}--[4](#Equ4){ref-type=""}) were used to describe the molar drug amount in each of the four sub-compartments of the fetal liver ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{{\left\{ {{\text{pls}},{\text{bc}},{\text{int}},{\text{cell}}} \right\}}}$$\end{document}$) (µmol):$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{{{\text{d}}N_{\text{bc}} }}{{{\text{d}}t}} = Q \cdot {\text{HCT}} \cdot \left( {C_{\text{bc}}^{\text{venUC}} - C_{\text{bc}} } \right) - f_{\text{u}} \cdot {\text{SA}}_{{{\text{pls}},{\text{bc}}}} \cdot \left( {P_{{{\text{bc}},{\text{pls}}}} \cdot \frac{{C_{\text{bc}} }}{{K_{{{\text{bc}}:{\text{pls}}}} }} - P_{{{\text{pls}},{\text{bc}}}} \cdot C_{\text{pls}} } \right),$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{{{\text{d}}N_{\text{pls}} }}{{{\text{d}}t}} = Q \cdot \left( {1 - {\text{HCT}}} \right) \cdot \left( {C_{\text{pls}}^{\text{venUC}} - C_{\text{pls}} } \right) - f_{\text{u}} \cdot {\text{SA}}_{{{\text{pls}},{\text{int}}}} \cdot P_{{{\text{pls}},{\text{int}}}} \cdot \left( {C_{\text{pls}} - \frac{{C_{\text{int}} }}{{K_{{{\text{int}}:{\text{pls}}}} }}} \right) - f_{\text{u}} \cdot {\text{SA}}_{{{\text{pls}},{\text{bc}}}} \cdot \left( {P_{{{\text{pls}},{\text{bc}}}} \cdot C_{\text{pls}} - P_{{{\text{bc}},{\text{pls}}}} \cdot \frac{{C_{\text{bc}} }}{{K_{{{\text{bc}}:{\text{pls}}}} }}} \right),$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{\text{d}N_{\text{int}}}{\text{d}t}=f_{\text{u}} \cdot P_{{{\text{pls}},{\text{int}}}} \cdot {\text{SA}}_{{{\text{pls}},{\text{int}}}} \cdot \left( {C_{\text{pls}} - \frac{{C_{\text{int}} }}{{K_{{{\text{int}}:{\text{pls}}}} }}} \right) - f_{\text{u}} \cdot {\text{SA}}_{{{\text{int}},{\text{cell}}}} \cdot \left( {P_{{{\text{int}},{\text{cell}}}} \cdot \frac{{C_{\text{int}} }}{{K_{{{\text{int}}:{\text{pls}}}} }} - P_{{{\text{cell}},{\text{int}}}} \cdot \frac{{C_{\text{cell}} }}{{K_{{{\text{cell}}:{\text{pls}}}} }}} \right),$$\end{document}$$$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{{{\text{d}}N_{\text{cell}} }}{{{\text{d}}t}} = f_{\text{u}} \cdot {\text{SA}}_{{{\text{int}},{\text{cell}}}} \cdot \left( {P_{{{\text{int}},{\text{cell}}}} \cdot \frac{{C_{\text{int}} }}{{K_{{{\text{int}}:{\text{pls}}}} }} - P_{{{\text{cell}},{\text{int}}}} \cdot \frac{{C_{\text{cell}} }}{{K_{{{\text{cell}}:{\text{pls}}}} }}} \right) - C_{\text{cell}}^{\text{Enzyme}} \cdot V_{\text{cell}} \cdot \frac{{k_{\text{cat}} \cdot K_{{{\text{prot}}:{\text{water}}}} \cdot C_{\text{cell}} }}{{K_{\text{m}} + K_{{{\text{prot}}:{\text{water}}}} \cdot C_{\text{cell}} }},$$\end{document}$$where $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{{\left\{ {{\text{pls}},{\text{bc}},{\text{int}},{\text{cell}}} \right\}}}$$\end{document}$ denotes the molar drug concentration in each of the four sub-compartments (µmol/L); $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Q$$\end{document}$ the absolute organ blood flow (L/min); $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{HCT}}$$\end{document}$ the fetal hematocrit; $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{{\left\{ {{\text{bc}},{\text{pls}}} \right\}}}^{\text{venUC}}$$\end{document}$ the molar drug concentration in blood cells and plasma in the venous blood of the umbilical cord (µmol/L); $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{\text{u}}$$\end{document}$ the fraction unbound of the drug; $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P$$\end{document}$ the local permeability between the respective sub-compartments (cm/min); $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\text{SA}}$$\end{document}$ the surface area at the interface between the respective sub-compartments (cm²); $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$K$$\end{document}$ the partition coefficient between the respective sub-compartments; $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$K_{{{\text{prot}}:{\text{water}}}}$$\end{document}$ the partition coefficient between protein and water; $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$C_{\text{cell}}^{\text{Enzyme}}$$\end{document}$ the concentration of the drug-metabolizing enzyme in the intracellular space of the fetal liver (µmol/L); $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$V_{\text{cell}}$$\end{document}$ the volume of the intracellular space of the fetal liver (L); $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$k_{\text{cat}}$$\end{document}$ the turnover number of the specific enzyme (min^--1^); and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$K_{\text{m}}$$\end{document}$ the Michaelis-Menten constant (µmol/L).

The fraction of unbound acetaminophen was assumed to be similar between maternal and fetal plasma. The local permeabilities, the volume of the intracellular space of the fetal liver, and the surface area at the interface between the respective sub-compartments were automatically estimated using scaling approaches implemented in the software \[[@CR3]\]. It was assumed that the fetal liver is geometrically similar to the adult liver (e.g., that the intracellular volume fraction of total liver is similar between fetus and adult). The partition coefficients between the respective sub-compartments as well as those between protein and water were estimated from equations described elsewhere \[[@CR3]\]. Based on literature information discussed later, the enzyme concentration in the fetal liver was estimated relative to adult levels. Finally, values for $\documentclass[12pt]{minimal}
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                \begin{document}$$K_{\text{m}}$$\end{document}$ were taken from the PK-Sim^®^ template \[[@CR17], [@CR23]\], assuming that acetaminophen and its metabolites display the same affinity to fetal and adult enzymes. An exception was fetal sulfotransferase (SULT) 1A1, for which a *K*~m~ value of 2.4 mmol/L \[[@CR24]\] was used in the model. Renal excretion of unchanged acetaminophen by the fetus was not accounted for in the model, as we assumed that this is very limited anyhow \[[@CR25]\]

Acetaminophen Absorption During Labor and Fetal Metabolism in the f-m PBPK Model {#Sec5}
--------------------------------------------------------------------------------

The different elimination pathways of acetaminophen and its metabolites were implemented in the model as described previously for a pregnancy PBPK in non-laboring women \[[@CR17]\]. In the present study, the maternal pharmacokinetics were predicted in term pregnant women during labor. There is some evidence that gastric emptying, gastrointestinal motility, and hence drug absorption from the gastrointestinal tract, are slower during labor \[[@CR26], [@CR27]\]. This is probably due to analgesic treatment with opioids \[[@CR28]\], vomiting during labor, absent of food intake for a long time \[[@CR29]--[@CR31]\], or extreme physical exercise, which in particular delays gastric emptying time during labor \[[@CR32], [@CR33]\]. Whitehead et al. \[[@CR29]\] reported a threefold delay in time to maximum concentration (*t*~max~) in pregnant women (*n* = 36) during labor when compared with 2 h post-delivery women (*n* = 17) \[[@CR29]\]. Based on this observation, we applied a threefold increase in gastric emptying in the maternal PBPK model.

Maturation of Enzymes in the Fetus {#Sec6}
----------------------------------

One aim of the present study was to characterize the contributions of specific metabolic clearance pathways to total clearance in the term fetus, including metabolism by uridine 5ʹ-diphospho-glucuronosyltransferase (UGT), SULT and CYP. In the PK-Sim^®^ template for acetaminophen, UGT1A1, SULT1A1, and CYP2E1 were implemented as the main isoforms for the respective metabolic pathway. Due to missing information, detoxification kinetics of NAPQI could not be parameterized and it was therefore assumed that the concentrations of cysteine and mercapturate together are equivalent to that of NAPQI \[[@CR23]\]. In the PBPK model, fetal enzyme expression, and hence fetal metabolism, was accounted for only in the fetal liver, not in other fetal tissues.

### Uridine 5′-Diphospho-Glucuronosyltransferase (UGT) 1A1 {#Sec7}

Studies \[[@CR34], [@CR35]\] have shown very low expression and activity of UGT1A1 in human fetal liver microsomes in the second half of gestation (0.1--1% of the adult level). Therefore, no fetal UGT1A1 expression was implemented in the PBPK model, and hence glucuronidation was not modeled in the fetus.

### Sulfotransferase (SULT) 1A1 and 1A3 {#Sec8}

There is a broad consensus that, throughout fetal life until birth, SULT1A1 is expressed at a relatively constant level of about 100% of the level in adult livers \[[@CR24], [@CR36]--[@CR40]\]. SULT1A3 expression is 3- to 10-fold higher than adult liver values in fetal liver at term \[[@CR24], [@CR37], [@CR38], [@CR40]\]. In the PBPK model, SULT1A1 and SULT1A3 expression in the fetal liver were lumped together and implemented as a 6.5-fold higher than the adult value.

### Cytochrome P450 (CYP) 2E1 {#Sec9}

Contradictory information (see Sect. 4) on fetal changes in CYP2E1 has been reported \[[@CR36]\]. Most studies reported detectable CYP2E1 expression or activity in the third trimester \[[@CR36], [@CR41]\]. Johnsrud et al. \[[@CR42]\] reported detectable CYP2E1 amounts in 80% of third-trimester liver microsomes (16.2% of the adult level); therefore, this value was implemented in the PBPK model \[[@CR42]\].

Evaluation of Various Approaches for Estimating Unknown Parameters of Placental Transfer and Integration in Physiologically Based Pharmacokinetic Models {#Sec10}
--------------------------------------------------------------------------------------------------------------------------------------------------------

Three different methods for informing the two unknown parameters (*D*~pl~, *K*~f,m~) of placental transfer in a PBPK model were evaluated.

### Estimation of Placental Permeability and Partition Coefficient from Ex Vivo Cotyledon Perfusion Experiment {#Sec11}

#### Placenta Perfusion {#Sec12}

The study protocol was approved by the ethics review board of the University Hospitals (UZ) Leuven (s54819), Eudra-CT number 2012-004580-51, ClinicalTrials.gov identifier NCT02622802 \[[@CR43]\]. The experimental setup and methodology have been published previously \[[@CR18]\]. Placentas were perfused in a recirculating (closed--closed) circuit within 30 min after delivery. An intact cotyledon was selected for perfusion and the corresponding chorionic artery and vein were cannulated. To test maternal--fetal transport, acetaminophen 10 µg/mL was perfused in the maternal circulation; this is the concentration that corresponds with the steady-state concentration at clinical use. The fetal (*Q*~f~) and maternal (*Q*~m~) circulations were established at a flow of 6 and 14 mL/min, respectively. The mean maternal and fetal reservoir volumes (*V*~m~ and *V*~f~) were 280 and 284 mL, respectively. Samples from both maternal and fetal sides were collected at 0, 3, 6, 10, 15, 20, and 30 min, then every 15 min until 150 min, and thereafter every 30 min until 210 min after addition of acetaminophen to the respective reservoir.

#### Estimation of Placental Transfer Parameters {#Sec13}

Acetaminophen maternal to fetal transfer across the placenta was estimated using a four-compartment model structure with the cotyledon being split into a maternal and a fetal compartment (Fig. [3](#Fig3){ref-type="fig"}). The transcotyledon passive diffusion clearance (*D*~cot~) was assumed to be equal in both fetal-to-maternal and maternal-to-fetal direction (i.e., no polarity was assumed). Although acetaminophen-glucuronide and acetaminophen-sulphate transfer have been investigated \[[@CR18]\], both metabolites were not implemented as verification with in vivo data was not possible. The cotyledon volume was assumed to be 58 mL on average \[[@CR44]\]. The maternal cotyledon volume (*V*~mp~) was assumed to be 23 mL and the fetal cotyledon volume (*V*~fp~) 35 mL \[[@CR44]\]. Loss of volume related to sampling was not corrected for as it was \< 10%. The model was built in two steps: building (1) a structural model and (2) a statistical sub-model \[[@CR45]\]. Discrimination between different models was made by the likelihood ratio test using the Objective Function Value (OFV) (i.e., 2\* log likelihood), where a decrease in OFV of 3.84 points (*p* \< 0.05 based on a Chi-squared \[*χ*^2^\] distribution) was considered statistically significant, between nested models with one additional degree of freedom. Furthermore, goodness-of-fit plots, individual plots, and relative standard error (RSE) were evaluated. Several placental transfer models for acetaminophen were tested (e.g., simple passive diffusion, linear elimination). For the statistical model, inter-individual variability was tested for significance on all parameters except *V*~mp~ and *V*~fp~, as the latter were fixed. Error models (proportional, constant, mixed) were investigated to describe the residual unexplained variability. Simulated concentrations in the maternal and fetal reservoirs were compared to the ex vivo experiment concentrations \[[@CR18]\].Fig. 3Schematic representation of the *ex vivo* cotyledon perfusion model. *D*~*cot*~ transcotyledon passive diffusion clearance, *K*~*f,m*~ partition coefficient between the fetal and maternal compartment, *K*~*pe*~ placental elimination, *Q*~*f*~ fetal flow rate, *Q*~*m*~ maternal flow rate, *V*~*f*~ volume of fetal reservoir, *V*~*m*~ volume of maternal reservoir, *V*~*fp*~ volume of fetal part of the cotyledon, *V*~*mp*~ volume of maternal part of cotyledon

Equations ([5](#Equ5){ref-type=""}--[8](#Equ8){ref-type=""}) describing the time-dependent change of the molar drug amount in the respective compartment (N \[µmol\]) were used to estimate *D*~cot~ (mL/min), *K*~f,m~ and placental elimination (*K*~pe~) (min^--1^).
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                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\frac{{{\text{d}}N_{\text{f}} }}{{{\text{d}}t}} = \frac{{\left( {Q_{\text{f}} \times \frac{{N_{\text{fp}} }}{{K_{{{\text{f}},{\text{m}}}} }} - Q_{\text{f}} \times N_{\text{f}} } \right)}}{{V_{\text{f}} }},$$\end{document}$$where *Q* is the flow rate (mL/min) and *V* the volume (mL), m indicates maternal, mp indicates maternal part of placenta, f indicates fetus, and fp indicates fetal part of placenta.

#### Upscaling of Transfer Parameters from the Ex Vivo Perfusion Experiment {#Sec14}

The estimates of the fitted ex vivo transcotyledon transfer parameters (*D*~cot~, *K*~f,m~) were implemented in the f-m PBPK model after scaling the *D*~cot~ to the *D*~pl~ using Eq. [9](#Equa){ref-type=""}:$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
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                \begin{document}$$D_{\text{pl}} = \frac{{D_{ \cot } \times V_{\text{pl}} }}{{V_{ \cot } }},$$\end{document}$$where *D*~pl~ (mL/min) and *D*~cot~ (mL/min) represent the *D*~pl~ and transcotyledon passive diffusion clearance, respectively, and *V*~pl~ (mL) and *V*~cot~ (mL) represent the placental and cotyledon volumes, respectively.

### Scaling Placental Permeability from Caco-2 Cell Permeability {#Sec15}

To estimate placental drug transfer \[[@CR2], [@CR16]\], *D*~pl~ was scaled from the apparent permeability measured across Caco-2 monolayers and total diffusion parameter of a reference substance (midazolam). The mean apparent permeability of acetaminophen across Caco-2 monolayers (256 nm/s) \[[@CR46]--[@CR50]\] was normalized to that of midazolam and subsequently multiplied with the total diffusion parameter of midazolam at term, which had been determined previously \[[@CR2], [@CR16]\]. Since this method was only evaluated for drugs transferring the placenta via passive diffusion drugs, a *K*~f,m~ of 1.0 was assumed for acetaminophen \[[@CR2], [@CR16]\].

### Scaling Placental Permeability from Physicochemical Properties {#Sec16}

Another method to estimate placental diffusion is the default calculation method already implemented in MoBi^®^, which assumes that the placental permeability of the drug is the same as those across other organ membranes. According to this method, the permeability is estimated from physicochemical properties of the drug, such as lipophilicity and molecular weight \[[@CR3]\]. Subsequently, the permeability is multiplied with the villi surface area (11.8 m^2^) at the specific fertilization age \[[@CR51]\], yielding the *D*~pl~. The *K*~f,m~ was assumed to be 1.0 \[[@CR52]\].

It has to be noted that for all three placental transfer approaches, no polarity in *D*~pl~ was assumed, i.e., *D*~pl~ is similar in both (fetal--maternal \[f-m\] and maternal--fetal \[m-f\]) directions.

Evaluation of f-m PBPK Models {#Sec17}
-----------------------------

The f-m PBPK models were evaluated by comparing the predicted acetaminophen concentrations in the maternal and the fetal venous umbilical cord blood plasma with in vivo concentration data obtained from 34 women and their newborns (median gestational age 39 weeks, range 38--40 weeks) following single oral administration of acetaminophen 1000 mg at delivery \[[@CR19]\]). Umbilical cord samples were collected at delivery, 0.5--5.8 h after maternal acetaminophen dosing \[[@CR19]\]. The estimated pharmacokinetic parameters for all three approaches and the observed pharmacokinetic parameters were obtained from the Open Systems Pharmacology software. Furthermore, ratios of predicted to observed pharmacokinetic parameters of acetaminophen were estimated. A local sensitivity analysis was performed for the two key parameters relevant for placental transfer and the gastric emptying time. To this aim, the original value was divided or multiplied by 1.3, 2, and 5 \[[@CR53]\] and the resulting pharmacokinetic profiles were predicted and compared with each other.

Results {#Sec18}
=======

Evaluation of Placental Transfer Informed by Various Approaches {#Sec19}
---------------------------------------------------------------

Table [1](#Tab1){ref-type="table"} shows the estimated values for the *D*~pl~ and the partition coefficient obtained from the ex vivo cotyledon perfusion model. Figure [4](#Fig4){ref-type="fig"} compares observed to simulated concentrations for the ex vivo perfusion model, showing good agreement between observed and simulated concentrations. Table [2](#Tab2){ref-type="table"} shows the values for *D*~pl~ and *K*~f,m~ from the different placental transfer approaches.Table 1Estimated values for placental transfer parameters obtained in the ex vivo modelDrug*D*~cot~ (mL/min)*K*~pe~ (min^--1^)*K*~f,m~Acetaminophen36 (81)0.0126 (229)0.737 (35)Data are expressed as mean (residual standard error)*D*~*cot*~ transcotyledon passive diffusion clearance, *K*~*f,m*~ partition coefficient between the fetal and maternal compartment, *K*~*pe*~ placental eliminationFig. 4Ex vivo observed \[[@CR19]\] fetal and maternal acetaminophen concentration compared with fetal and maternal simulated acetaminophen profiles in the ex vivo cotyledon perfusion experimentTable 2Values for placental transfer parameters, calculated using the three different approaches, as implemented in the fetal--maternal physiologically based pharmacokinetic modelParameter*D*~pl~ (mL/min)*K*~f,m~Ex vivo cotyledon perfusion experiment4030.737Scaling of placental transfer rate via Caco-2 cell permeability (according to Zhang et al. \[[@CR2], [@CR16]\])43541.0Scaling of placental transfer rate via physicochemical properties (MoBi^®^ default method)35281.0*D*~*pl*~ transplacental passive diffusion clearance, *K*~*f,m*~ partition coefficient between the fetal and maternal compartment

Predictions of Maternal and Fetal In Vivo Concentrations {#Sec20}
--------------------------------------------------------

Values for the *D*~pl~ and the partition coefficient estimated by all three approaches were applied in the PBPK model. For the ex vivo cotyledon perfusion experiments, *k*~pe~ was negligibly small (0.0126 min^--1^) and estimated with high imprecision (residual standard error 229%). Therefore, it was not implemented in the model. All placental transfer approaches adequately described the observed maternal venous blood concentrations (Fig. [5](#Fig5){ref-type="fig"}a, Table [3](#Tab3){ref-type="table"}). Concerning the fetal acetaminophen predictions, the different approaches showed broadly comparable performance with respect to observed pharmacokinetics. Specifically, the ex vivo cotyledon perfusion approach described the fetal pharmacokinetic parameters more accurately (Fig. [5](#Fig5){ref-type="fig"}b, Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}), while scaling *D*~pl~ via Caco-2 cell permeability or physicochemical properties and keeping *K*~f,m~ fixed at 1.0 resulted in predictions that were in slightly weaker agreement with observed concentrations for the acetaminophen fetal pharmacokinetic parameters (Fig. [5](#Fig5){ref-type="fig"}b, Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}). All predicted umbilical cord concentrations resulting from each of the three approaches were within a 1.5-fold error range and 75% within the 1.25-fold error range (Table [4](#Tab4){ref-type="table"}).Fig. 5Predicted maternal (**a**) and fetal (**b**) acetaminophen pharmacokinetic profiles in venous umbilical cord plasma following administration of oral acetaminophen 1000 mg using the three different placental transfer approaches described in the text. Predicted maternal and fetal plasma acetaminophen pharmacokinetic profiles were compared with observed cord blood concentrations for the maternal dose of 1000 mg \[[@CR19]\]Table 3Comparison between observed and predicted acetaminophen pharmacokinetic parametersParameterScaling of placental transfer rate via Caco-2 cell permeabilityScaling of placental transfer rate via physicochemical propertiesEx vivo cotyledon perfusion experimentObserved data \[[@CR19]\]MaternalFetalMaternalFetalMaternalFetalMaternalFetalAUC~∞~ (mg h/L)43.559.543.559.443.843.743.744.0*C*~max~ (mg/L)9.512.99.4312.99.59.39.39.3CL/*F* (L/h/kg)0.360.250.360.260.350.350.350.35*V*~d~/*F* (L/kg)1.080.791.080.791.051.051.041.04*AUC*~*∞*~ area under the plasma concentration--time curve from time zero to infinity, *CL/F* apparent total clearance of the drug after oral administration, *C*~*max*~ maximum concentration, *V*~*d*~*/F* apparent volume of distribution after non-intravenous administrationTable 4Ratio of predicted to observed acetaminophen pharmacokinetic parameters for three different placental drug transfer approachesParameterScaling of placental transfer rate via Caco-2 cell permeabilityScaling of placental transfer rate via physicochemical propertiesEx vivo cotyledon perfusion experimentMaternalFetalMaternalFetalMaternalFetalAUC~∞~0.991.350.991.351.000.99*C*~max~1.021.391.011.391.021.00CL/*F*1.030.711.030.741.001.00*V*~d~/*F*1.040.761.040.761.001.00*AUC*~*∞*~ area under the plasma concentration--time curve from time zero to infinity, *CL/F* apparent total clearance of the drug after oral administration, *C*~*max*~ maximum concentration, *V*~*d*~*/F* apparent volume of distribution after non-intravenous administration

The predicted mean acetaminophen concentration in arterial umbilical cord blood---of relevance to potential ductus arteriosus constriction/closure---was 3.6 mg/L.

Because the ex vivo cotyledon perfusion approach described the fetal pharmacokinetic parameters most accurately, data from this approach were used to predict the molar dose fraction of acetaminophen converted to its metabolites. Prediction of acetaminophen clearance in the fetus indicated that the median molar dose fraction of acetaminophen converted to acetaminophen-sulphate and NAPQI were 0.8% and 0.06%, respectively (Fig. [6](#Fig6){ref-type="fig"}).Fig. 6Bar graph of the predicted median fractions of metabolite formation from acetaminophen (expressed as percentage of molar acetaminophen dose) for a fetus at term (**a**) and a mean individual pregnant woman at term (**b**). *NAPQI N*-acetyl-*p*-benzoquinone imine

Sensitivity Analysis {#Sec21}
--------------------

The local sensitivity analyses for the two unknown parameters describing placental transfer (*K*~f,m~ and *D*~pl~) are provided in Fig. [7](#Fig7){ref-type="fig"}. Changes in *K*~f,m~ substantially impacted the predicted fetal plasma concentrations and thereby the pharmacokinetic parameters of acetaminophen, while the predicted fetal acetaminophen concentration--time profile was relatively insensitive to changes in *D*~pl~ (Fig. [7](#Fig7){ref-type="fig"}). To further support the above-mentioned finding, the *K*~f,m~ for each of the placental transfer approaches was assumed to be the same and therefore set at 1.0. From the Electronic Supplementary Material (ESM_1) it can be seen that large variations in *D*~pl~ did not have a significant effect on the predicted maternal and fetal acetaminophen concentration--time profiles, but that *K*~f,m~ is the sensitive parameter. However, when fixing *K*~f,m~ at 1.0, all approaches slightly overestimated fetal acetaminophen concentrations. In addition, the sensitivity analysis for gastric emptying time revealed that this is a sensitive parameter as well, although the predicted pharmacokinetic profile in the mother was only moderately sensitive towards changes within a biologically plausible range. When dividing and multiplying the value of gastric emptying time by a factor of 5 (highest and lowest value in the sensitivity analysis), maximum concentration (*C*~max~) and *t*~max~ are affected by 47.3% and 55.1%, respectivelyFig. 7Sensitivity analyses illustrating how the predicted fetal acetaminophen concentrations responds to variations in either the transplacental passive diffusion clearance (*D*~pl~) or partition coefficient between the fetal and maternal compartment (*K*~f,m~). The parameter values for these two parameters were calculated from the three evaluated approaches: ex vivo cotyledon perfusion experiment (**a**, **b**), scaling of placental transfer rate via physicochemical properties (MoBi^®^ default method) (**c**, **d**), and scaling of placental transfer rate via Caco-2 cell permeability (**e**, **f**)

Discussion {#Sec22}
==========

Acetaminophen is one of the most frequently used drugs throughout pregnancy. Nevertheless, little is known about the pharmacokinetics of acetaminophen and its metabolites in the fetus. Relevant issues concerning the two study objectives---estimating the placental transfer and pharmacokinetics of acetaminophen, and contributions of the metabolic pathways---are outlined in this section.

Placental transfer and fetal exposure were predicted by integrating parameter estimates obtained from three different approaches. Subsequently, maternal and fetal pharmacokinetic predictions were evaluated using published in vivo data. Only one study has been conducted in which maternal and fetal venous umbilical cord blood was collected to investigate acetaminophen pharmacokinetics, which were used for model evaluation \[[@CR19]\]. Tested placental transfer approaches showed broadly comparable performance with respect to observed pharmacokinetics (Fig. [5](#Fig5){ref-type="fig"}, Tables [3](#Tab3){ref-type="table"}, [4](#Tab4){ref-type="table"}). All ratios of predicted to observed maternal and fetal pharmacokinetic parameters were within a 1.25- and 1.5-fold error range, respectively (Table [4](#Tab4){ref-type="table"}). This indicates that the developed acetaminophen f-m PBPK models can adequately predict placental transfer of acetaminophen and the fetal pharmacokinetic profile. Specifically, the ex vivo cotyledon perfusion approach showed the highest prediction accuracy resulting from the lower *K*~f,m~ value, which was identified through local sensitivity analysis as a sensitive parameter driving fetal exposure (Fig. [7](#Fig7){ref-type="fig"}, ESM_1). This finding is intriguing in that it indicates that, within the range of tested parameter values, fetal acetaminophen concentrations are not primarily governed by the *D*~pl~ (probably because equilibrium is reached very fast), but rather by the partitioning between the maternal blood to maternal plasma and the fetal blood to fetal placenta. Hence, at least within the range of tested values, the maternal-to-fetal concentration ratio at equilibrium (i.e., the partition coefficient) is the critical parameter for adequately predicting placental transfer. This also implies that the placental barrier is a relatively efficient barrier inasmuch it has a lower affinity for acetaminophen than blood/plasma.

Since the partition coefficient refers to equilibrium concentrations, this finding also suggests that few measurements at steady state in the ex vivo cotyledon perfusion experiment may be sufficient for successful integration in a PBPK framework. *D*~pl~ can be informed on the basis of other approaches (e.g., the herein evaluated scaling approaches via apparent Caco-2 cell permeability or via physicochemical descriptors, such as lipophilicity and molecular weight). For example, this could indicate that the maternal-to-fetal ratios of the cord blood concentration combined with scaling methods for *D*~pl~ could be readily used to further investigate placental transfer and fetal exposure to drugs that have, similar to acetaminophen, a good permeability and are not actively transferred across the placenta by drug transporters. Importantly, scaling *D*~pl~ via Caco-2 cell permeability or molecular descriptors (as implemented per default in MoBi^®^) relies on information that is often already available. In contrast to the integration of information from the ex vivo cotyledon perfusion experiments, which is a laborious experiment, these two approaches enable rather simple and fast integration into a PBPK model---at least in situations where *K*~f,m~ can be assumed to be 1.0 and where placental transfer occurs relatively fast. However, the tenfold difference in *D*~pl~ estimates obtained from the ex vivo cotyledon perfusion experiment and the other two approaches requires further investigations. While *D*~pl~ was not a sensitive parameter for acetaminophen, future studies could test high permeability compounds with high *K*~f,m~ values to generate more knowledge about the validity of predicting *D*~pl~ via different approaches. Overall, the results of the comparison of the different approaches for estimating placental transfer are in line with a recently published study on emtricitabine and acyclovir that demonstrated that fetal exposure can be adequately predicted when placental transfer is informed either by the ex vivo cotyledon experiment or by the approach by Liu et al. \[[@CR54]\]. Still, more research on other drugs with a *K*~f,m~ approximating 1.0 and high permeability is clearly needed to further build confidence.

The second objective was to quantitatively predict the hitherto unknown contributions of specific metabolic clearance pathways to total clearance in the term fetus. Of note, transfer of acetaminophen from the fetal organism over the placenta (i.e., diffusion back to the mother) can be considered the main elimination pathway for the fetus (Fig. [6](#Fig6){ref-type="fig"}). Yet the explicit description of the different fetal elimination pathways is highly relevant since one of the metabolic pathways (CYP2E1-mediated pathway) is involved in hepatotoxicity. However, since it seems unlikely that both hepatic and extrahepatic adverse events can be attributed to NAPQI alone, but also to, for example, acetaminophen itself \[[@CR14]\], it is important to explore the separate contributions of the different metabolic pathways to the total acetaminophen (fetal) clearance. Expectedly, as can be seen from Fig. [6](#Fig6){ref-type="fig"}, the fetal contribution to the total acetaminophen (fetal) clearance (Fig. [6](#Fig6){ref-type="fig"}a) is, compared to that of the maternal organism (Fig. [6](#Fig6){ref-type="fig"}b), very low. As recently shown, fetal ductus arteriosus constriction or closure following acetaminophen intake by pregnant women is a potential safety concern \[[@CR14]\]. The presented results show that the acetaminophen concentration at steady state achieved in the arterial umbilical cord blood plasma is 3.6 mg/L. When assuming a same target concentration for ductus constriction in the human fetus as documented in the fetal rat \[[@CR55]\], the EC~50~ (concentration of drug producing 50% of maximum effect) is 24.47 mg/L. This indicates that a much higher concentration of acetaminophen is needed to constrict the ductus. However, as incidents have been reported \[[@CR13]\], it is possible that other pathways or compartments (e.g., prostaglandins synthesis in placenta) are involved.

Some limitations and assumptions of this analysis need to be addressed. Firstly, the fetal sub-model of the PBPK model was extended by incorporating a separate compartment representing the fetal liver placed between the compartments representing venous cord blood and the fetal body. While the blood from the venous umbilical cord flows through the fetal liver through the ductus venosus, the liver parenchyma is mainly supplied by blood through the fetal arteria hepatica. Additionally, unchanged drug may be renally excreted in the amniotic fluid and subsequently swallowed and re-absorbed. Hence, it is important to note that the herein presented model structure does not fully reflect this physiologic reality. Further refinements may be necessary for more detailed applications. Furthermore, enzyme expression in the fetal liver was implemented and informed on the basis of available data from literature. Obviously, such a knowledge-driven approach is limited by the amount and quality of information available in the literature. Although most studies \[[@CR42], [@CR56], [@CR57]\] reported the presence of CYP2E1 expression or activity during the third trimester of pregnancy, Vieira et al. \[[@CR58]\] found no CYP2E1 expression in 66 fetal livers (ranging from 16 to 40 weeks of gestational age) in the second and third trimester. While a lower expression of CYP2E1 in the fetal liver may be physiologically plausible in the third trimester, the herein presented PBPK model incorporated a relative high expression (16% of the adult level in the liver) because this value translates into the maximum NAPQI exposure that might be expected in vivo. Hence, the presented model can be biased to overestimation of fetal exposure to NAPQI as a worst-case scenario. Secondly, a limitation of the presented model is that only one isoform of each enzyme sub-family (UGT1A1, CYP2E1) in the fetal liver is incorporated, while other isoforms may also be involved in acetaminophen metabolism. No study has reported cord blood concentrations of the metabolites of acetaminophen, which complicates proper evaluation of the predicted metabolite pharmacokinetic profiles. Thirdly, fetal and maternal protein binding of acetaminophen and its metabolites were assumed to be the same. For acetaminophen and its metabolites this may not be relevant, as all compounds are only marginally protein bound. Furthermore, due to missing information on glutathione-related enzymes in the fetus, the detoxification kinetics of NAPQI could not be parameterized and we assumed that the concentration of cysteine and mercapturate is equivalent to that of NAPQI. Here, more research is needed to inform PBPK models more accurately. Fourthly, enzyme expression in the placenta was not accounted for in the PBPK model. Syme et al. \[[@CR59]\] systematically reviewed the expression of enzymes in the placenta, recognizing that UGT1A1 messenger RNA (mRNA) and protein expression have been undetectable at term. For CYP2E1, however, mRNA and protein levels have been detected in the placenta from the first trimester onwards. This observation raises the question whether NAPQI toxicity can also be expected in the placenta, an organ with a vitally important function for the fetus. For SULT, little is known on placental metabolism \[[@CR59]\], although Weigand et al. \[[@CR60]\] reported no acetaminophen-sulphate in placental tissue and maternal and fetal plasma concentrations. In addition, it should be emphasized that the current f-m PBPK model investigated placenta transfer at term pregnancy. Since placenta morphology and function change radically throughout gestation, the presented results are probably not readily scalable to earlier stages of pregnancy. Finally, placental transfer of all acetaminophen metabolites was not covered in this analysis because in vivo data from umbilical cord samples of metabolites are lacking throughout different weeks of gestational age, which precludes the investigation and evaluation of fetal exposure to the metabolites of acetaminophen.

Conclusion {#Sec23}
==========

The developed f-m PBPK model adequately captured maternal and fetal pharmacokinetic profiles of acetaminophen at term delivery. Taken together, this study provides important insights on placental drug transfer and fetal drug exposure that can support future efforts to develop more generic f-m PBPK models for different drugs. Ultimately, such f-m PBPK models can constitute powerful tools to support informed decision-making in the clinical setting when information from other sources is lacking or inconsistent.

Electronic supplementary material
=================================

 {#Sec24}

Below is the link to the electronic supplementary material. *Ex vivoin vivoex vivoex vivoex vivoin vivoex vivoex vivo*ESM_1: Predicted maternal (panel A) and fetal (panel B) acetaminophen PK-profiles in venous umbilical cord plasma following administration of 1000 mg oral acetaminophen using the three different placental transfer approaches (*ex vivo* cotyledon perfusion experiments, scaling of placental transfer rate via Caco-2 cell permeability (according to Zhang et al.) and scaling of placental transfer rate via physicochemical properties (Mobi® default method) while fixing K~f,m~ to 1.0 in all three approaches). Predicted maternal and fetal plasma acetaminophen PK-profiles were compared with observed umbilical cord blood concentrations for the maternal dose of 1000 mg \[[@CR19]\]. (DOCX 413 kb)
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